The survival of the malaria parasite Plasmodium falciparum is dependent upon the de novo biosynthesis of pyrimidines. P. falciparum dihydroorotate dehydrogenase (PfDHODH) catalyzes the fourth step in this pathway in a flavin mononucleotide (FMN) -dependent reaction. The full-length enzyme is associated with the inner mitochondrial membrane where ubiquinone (CoQ) serves as the terminal electron acceptor. The lipophilic nature of the co-substrate suggests that electron transfer to CoQ occurs at the twodimensional lipid-solution interface. Here we show that PfDHODH associates with liposomes even in the absence of the N-terminal transmembrane spanning domain. The association of a series of ubiquinone substrates with detergent micelles was studied by isothermal titration calorimetry, and the data reveal CoQ analogs with long decyl (CoQ D ) or geranyl (CoQ 2 ) tails partition into detergent micelles, while that with a short prenyl tail (CoQ 1 ) remains in solution. PfDHODH catalyzed reduction of CoQ D and CoQ 2 , but not CoQ 1 , is stimulated as detergent concentrations (Tween-80 or Triton X-100) are increased up to their CMC, beyond which activity declines. Steady-state kinetic data acquired for the reaction with CoQ D and CoQ 2 in substratedetergent mixed micelles fit well to a surface dilution kinetic model. In contrast, the data for CoQ 1 as a substrate were well described by solution steady-state kinetics. Our results suggest that the partitioning of lipophilic ubiquinone analogues into detergent micelles needs to be an important consideration in the kinetic analysis of enzymes that utilize these substrates.
Annual malaria cases number in the hundreds of millions and result in an estimated 2 million deaths per year (1) . Plasmodium falciparum is responsible for the most fatal form of malaria in humans. The global malaria burden is felt predominantly in the developing world targeting the vulnerable populations of children under five and pregnant women (1) . Though several medicinal therapies exist for both prophylaxis and treatment of malaria, resistance has arisen worldwide against many standard treatments, including chloroquine (2), atovaquone (3), pyrimethamine (4) , and sulfadoxine (5) . The emergence of resistance reinforces the notion that novel drug targets must be discovered, and new chemotherapeutics developed, in an effort to combat the disease. Unlike mammalian cells, Plasmodium parasites are unable to salvage preformed pyrimidine bases or nucleosides and rely entirely upon de novo pyrimidine biosynthesis (6) . Pyrimidines are essential for all cells, and the pyrimidine biosynthetic pathway has been shown to be important for the survival of the parasite through the validation of dihydrofolate reductase as an effective anti-malarial drug target (7) .
Dihydroorotate dehydrogenase (DHODH) catalyzes the oxidation of dihydroorotate to form orotic acid in the fourth reaction of de novo pyrimidine biosynthesis. DHODH enzymes are divided into two families based upon their cellular localization (8) . Family 1A and 1B enzymes are located in the cytosol, whereas Family 2 enzymes possess an extended N-terminal helical domain which promotes enzyme association with membranes in prokaryotes (9) , or attaches the enzyme to the inner mitochondrial membrane in eukaryotes (10) . Family 1A and Family 2 enzymes contain a tightly bound flavin co-factor, FMN, which is reduced upon oxidation of dihydroorotate in the first half of the reaction cycle, while Family 1B enzymes utilize FAD and an iron-sulfur cluster in addition to FMN (11) (12) (13) . These co-factors are recycled to their oxidized form by the transfer of electrons to fumarate in the case of Family 1A enzymes, to NAD + in Family 1B enzymes, and to ubiquinone (CoQ; Figure 1 ) in Family 2 enzymes (11) (12) (13) . The P. falciparum enzyme belongs to Family 2 and has been shown to be localized to the parasite mitochondrion (14,15), where it utilizes ubiquinones with hydrophobic tails composed of eight or nine prenyl units (CoQ 8 -CoQ 9 ) as terminal electron acceptors (16) . The malarial enzyme is predicted to contain a mitochondrial localization signal at the N-terminus and a 22 amino acid transmembrane domain (amino acids 143 -165). Homologs such as human DHODH also encode a mitochondrial localization signal immediately prior to the transmembrane domain, and kinetic and structural studies of both enzymes have focused on recombinant enzymes truncated after the predicted N-terminal transmembrane domain (17) (18) (19) (20) (21) .
The X-ray structures of DHODH from several species have been reported (9, 13, 18, 22, 23) , including the structure of truncated P. falciparum DHODH (PfDHODH) which was solved in complex with orotic acid, FMN, and the inhibitor A77 1726 (24) . Based on the competition of CoQ with A77 1726, the A77 1726 binding site is speculated to be the CoQ binding site as well (21) . This site is not highly conserved between enzymes from different species and we have previously identified a number of potent and species-selective inhibitors of the malarial enzyme that compete at this site (25) . The inhibitor/CoQ binding site is formed by two α-helices, which, in the primary amino acid sequence, lie between the predicted Nterminal transmembrane domain and the canonical β/α barrel domain. These α-helices are contiguous with the predicted transmembrane domain and are therefore likely to be adjacent to the surface of the inner mitochondrial membrane (Figure 2) .
The localization of malarial DHODH to the inner mitochondrial membrane and its requirement for a lipophilic substrate (CoQ) both suggest a kinetic model which takes into account catalysis at a surface-solution interface might be appropriate to describe the system. A number of groups have independently formulated schemes to describe catalysis in just such an environment (26) (27) (28) . One such reaction model describing interfacial kinetics was originally developed to characterize the activity of cobra venom phospholipase A 2 on mixed micelles composed of Triton X-100 and phosphatidylcholine (29). This model accounts for both the three-dimensional bulk interactions and two-dimensional surface interactions that occur between enzyme and substrate-detergent mixed micelles. Using this form of analysis, initial enzyme association with the substrate-detergent mixed micelle surface was kinetically separated from subsequent substrate binding and catalysis, and kinetic parameters that describe each process were individually derived. This kinetic approach has been utilized to describe a number of systems involving enzymes with hydrophobic or amphipathic substrates, or inhibitors, that have no appreciable aqueous solubility (26) . While the literature contains numerous examples of enzymes exhibiting surface dilution kinetics, these studies have been almost exclusively limited to lipid kinases, synthases, decarboxylases, phosphatases, and lipases acting upon lipid substrates (30-34). Surface dilution kinetic analysis of ubiquinoneutilizing enzymes has so far been limited to the study of ubiquinol-cytochrome c reductase (35).
In the studies presented here, we show Nterminal truncated PfDHODH forms high molecular weight aggregates in the absence of detergent and that despite the truncation of the transmemberane spanning domain the enzyme associates with liposomes. We adopted an isothermal titration calorimetry-based thermodynamic method to determine partitioning of ubiquinone analogues into detergent micelles and found synthetic ubiquinone analogues with extended prenyl or alkyl tails (CoQ 2 and CoQ D ) partition into micelles while CoQ 1 , which has a short prenyl tail, remains in solution. The truncated enzyme displays detergent-dependent activation for both Triton X-100 and Tween-80, with activity increasing as the concentration approaches the CMC followed by a subsequent decrease in activity at higher detergent concentrations. However this behavior is observed only for substrates that partition into detergent micelles. Herein we report steady-state kinetic analysis of all three CoQ analogs at different mole fractions of substrate-to-detergent. Our finding that longer-chain ubiquinones are largely bound to detergent micelles, and thus have finite solution solubility, has implications for the kinetic analysis of any enzyme utilizing these substrates.
EXPERIMENTAL PROCEDURES

Materials
Buffer components, purified glucose oxidase (Type VII from Aspergillus niger) and catalase (from bovine liver), Brij 35, Triton X-100, and Tween-80 detergents and DHODH substrates L-DHO, DCIP, CoQ 1 , CoQ 2 and CoQ D were purchased from Sigma (St. Louis, MO) and were of the highest quality available. CHAPS detergent was purchased from Anatrace (Maumee, OH). Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) were purchased from Avanti Polar Lipids (Alabaster, AL). Size exclusion chromatography molecular weight standards were from Amersham Biosciences (Piscataway, NJ) or BioRad (Hercules, CA). All references to P. falciparum DHODH refer to the N-terminal truncated version unless specifically mentioned otherwise.
Methods
Protein purification-Cloning, expression and purification of N-terminal truncated PfDHODH were performed as described previously (17) with the modification that CHAPS detergent at 1% replaces Triton X-100 at 0.1% throughout protein purification.
Critical micelle concentration determinationThe CMC of each detergent in 50 mM HEPES, pH 8.0, 150 mM NaCl, and 10% glycerol was determined by the fluorometric 1,6-diphenyl-1,3,5-hexatriene method (36).
Analytical gel filtration-Gel filtration was performed on purified recombinant N-terminal truncated PfDHODH using a Superdex 200 HR 10/30 analytical gel filtration column (Amersham Biosciences, Piscataway, NJ) calibrated with molecular weight standards. Gel filtration buffer was composed of 50 mM HEPES, pH 8.0, 150 mM NaCl, and 10% glycerol. High salt buffer contained 300 mM NaCl and no salt buffer omitted NaCl. Gel filtration buffer also contained various detergents when indicated. Enzyme was diluted to 2 mg/ml in the appropriate buffer before loading on the column. Reported apparent molecular masses are the average ± SEM of at least duplicate experimental determinations.
Liposome binding experiments-Liposomes were produced by sonicating chloroform-removed PC and PE lipids with gel filtration buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, and 10% glycerol) until an opalescent solution was produced. Purified recombinant N-terminal truncated PfDHODH was mixed with either 10 mM (each) PC and PE mixed liposomes or gel filtration buffer and dialyzed against gel filtration buffer using dialysis tubing with a 12-14 kDa molecular weight cut-off. Dialyzed samples were applied to a Superose 6 HR 10/30 size exclusion column (Amersham Biosciences, Piscataway, NJ) calibrated with molecular weight standards at a flow rate of 0.5 ml/min. Absorbance (light scattering for liposomes) at 280 nm was monitored, and 1 ml fractions were collected. PfDHODH activity of each fraction was assayed at 25°C using the colorimetric DCIP assay at 600 nm (ε = 18.8 mM -1 cm -1 ) (37) at 0.5 mM L-DHO and 0.12 mM DCIP in gel filtration buffer containing 0.1% reduced Triton X-100. Data from one representative liposome binding experiment are presented.
Isothermal titration calorimetry (ITC)-Partitioning of synthetic CoQ analogues into Tween-80 micelles was examined at 37°C using a VP-ITC microcalorimeter (Microcal Corp, Northampton, MA). The buffer was composed of 50 mM HEPES, pH 8.0, 150 mM NaCl, 10% glycerol, and 1% DMSO. Heats of injection were measured for 28 successive 10 µl injections of 5 mM Tween-80 into 100 µM synthetic CoQ analogue. All data were baseline corrected by subtracting the heat of dilution of a 5 mM Tween-80 titration into buffer only. Calorimetry data were fitted by nonlinear least squares to a partitioning model (described below) to obtain the change in enthalpy of partitioning (ΔH) and the partitioning coefficient (K) using the ORIGIN 7.0 software package. Partitioning experiments were performed at least three times and combined data ± SEM are reported.
Partitioning model-Observing partitioning by high sensitivity ITC was originally developed for studying amphipathic molecules partitioning into lipid membranes (38). Models have since been developed that describe both partitioning into membranes as well as membrane solubilization (39). We have adapted the partitioning model to describe partitioning of lipid-like CoQ analogues into detergent micelles. As the models have been derived previously (40,41), we present only a brief explanation relevant to our adaptation of the models. Partitioning equilibrium can be described using a partition coefficient (K) to relate the concentration of CoQ free in solution (C Q,f ) to the CoQ-to-detergent mixed micelle ratio (X b ) by X b = K·C Q,f . The ratio X b is equivalent to n Q,b /n D 0 , that is, the molar amount of micelle-bound CoQ (n Q,b ) divided by the total molar amount of micellar detergent (n D 0 ). As these molar amounts are contained within the same volume (V cell ), the corresponding concentrations (C Q,b and 
Surface dilution kinetic model-
The surface dilution kinetic model is derived from descriptions of the two relevant kinetic steps (29). In the bulk step (Equation 4) enzyme (E) associates noncatalytically with the CoQ/Tween-80 mixed micelle (A) to form the enzyme-mixed micelle complex (EA). Formation of the complex is a function of the bulk concentration of both E and A. In surface dilution kinetics, A is defined as either the combined bulk concentration of detergent and CoQ substrate (in the "surface binding model") or as the bulk concentration of CoQ substrate alone (in the "substrate binding model") (29). These two equation forms distinguish between a model ("surface binding") where enzyme initially associates non-productively with the general micelle surface versus a model ("substrate binding") where the enzyme directly associates with substrate on the micelle surface, albeit to form a non-productive complex. Equation 5 illustrates the catalytic surface step, wherein the enzyme-mixed micelle complex EA binds an individual CoQ substrate (B) in the catalytic site. As this occurs at the micelle surface, the association is a function of the surface concentrations of both EA and B, and B is therefore expressed in terms of mole fraction of CoQ in the mixed micelle. Catalysis then occurs, producing product (P) and regenerating EA. From these expressions, the surface dilution kinetics equation (Equation 6 ) is derived (29). The Enzyme kinetic assays-DHODH kinetic assays were performed at 25°C using 0.5 mM L-DHOD in 50 mM HEPES, pH 8.0, 150 mM NaCl, and 10% glycerol. Steady-state measurements of orotic acid production were measured at 296 nm (ε = 4.3 mM -1 cm -1 ). Reactions were performed under anaerobic conditions by depleting oxygen through the addition of 10 mg/ml glucose oxidase, 2 mg/ml catalase, and 50 mM glucose and incubation for 5 minutes prior to assay. Detergent-dependent and surface concentration-dependent kinetic studies were performed by varying either the CoQ concentration, the detergent concentrations (Triton X-100 or Tween-80), or both. Specific conditions are described in the figure legends. Detergentdependent oxidase activity was measured similarly by omitting glucose oxidase, catalase, and CoQ from the reaction mixture. 
RESULTS
Analytical gel filtration of N-terminal truncated
PfDHODH-Similar to other studies on Family 2 DHODH enzymes (18) (19) (20) (21) 23) , the PfDHODH Nterminal predicted transmembrane domain was excluded from the PfDHODH expression construct in an effort to produce a soluble enzyme for expression in E. coli (17) . However, the lipophilic nature of the CoQ substrate and the localization of the enzyme adjacent to the inner mitochondrial membrane suggest that the truncated enzyme may still have a significant hydrophobic surface that could associate with detergent molecules or promote protein aggregation. N-terminal truncated PfDHODH (amino acids 169 -569) was subjected to analytical gel filtration under a variety of conditions including adjusting salt concentration and adding various detergents (Figure 3 ). These data show the 48 kDa truncated enzyme forms high apparent molecular weight aggregates regardless of NaCl concentration in the absence of detergent. In the presence of 0.1% Tween-80, 0.3% Brij 35, or 0.1% Triton X-100 detergents (68-, 25-, or 6-fold above their critical micelle concentrations (CMC), respectively), the apparent molecular weight is decreased relative to that found in the absence of detergent. The nonionic detergent CHAPS was tested at 0.1%, 0.5%, and 1% (0.27-, 1.4-, and 2.7-fold the detergent's CMC, respectively). While large protein aggregates appear in the absence of detergent micelles (i.e., in 0.1% CHAPS), increasing detergent concentration beyond the CMC (0.5 or 1% CHAPS) decreases the apparent molecular weight of PfDHODH, eventually approaching that representative of monomeric PfDHODH. The apparent molecular masses are a function of the Stokes' radius of the enzyme-detergent micelle complex and not strictly indicative of an absolute mass.
Association of N-terminal truncated PfDHODH with liposomes-To determine if the hydrophobic regions exposed on truncated PfDHODH are sufficient for membrane association, gel filtration experiments were performed in the presence of liposomes. Plasmodium parasite membranes are composed of primarily phosphatidylcholine (PC, 40-50%) and phosphatidylethanolamine (PE, 35-45%) (42). Accordingly, to mimic the parasite membranes we utilized 1:1 mixed PC/PE liposomes for these interaction studies. PfDHODH was incubated with either PC/PE liposomes or buffer and subjected to dialysis. Dialyzed samples were then separated on a size exclusion column and fractions were assayed for PfDHODH activity (Figure 4 ). Free liposomes elute in the column void volume due to their extended size. Enzyme incubated with buffer elutes in two fractions: a minor active component, likely composed of large protein aggregates, elutes near the void volume, while the major active component elutes with a smaller apparent molecular mass (Figure 4) . In contrast, enzyme incubated with PC/PE liposomes elutes in a single active peak corresponding to the elution profile of free PC/PE liposomes (Figure 4) .
Partitioning of synthetic CoQ analogues into Tween-80 micelles-To investigate whether synthetic ubiquinone analogues partition into detergent micelles, partitioning was examined by isothermal titration calorimetery. Triton X-100 has traditionally been used in the kinetic analysis of mitochondrial DHODH (17) (18) (19) (20) (21) 23 ). However, for these studies a different non-ionic detergent, Tween-80, was employed because it has a lower CMC (relative to Triton X-100), which allowed lower concentrations of detergent to be used in the partitioning experiments and lower concentrations of CoQ to be studied in the kinetic studies described below. Tween-80 micelles were injected into the calorimeter cell containing synthetic CoQ analogue (100 µM) and the heat of each injection was recorded. After subtracting the heat from a blank titration of detergent into buffer, the heat from each individual injection was plotted and fitted to the partitioning model described above Table 1) . CoQ 2 and CoQ D are greater than 80% detergent bound under all conditions, whereas CoQ 1 is largely in the aqueous phase except at the highest detergent concentrations. Thus by using a range of ubiquinone analogues with different chain lengths we can produce environments in which substrates are differentially present either free in solution or in a substratedetergent mixed micelle. This result allows us to experimentally consider the effects of substrate localization on the kinetics of the PfDHODH reaction.
Detergent-dependent activity of N-terminal truncated PfDHODH-The detergent-dependence of PfDHODH catalysis was examined for each of the synthetic ubiquinone analogues in both Triton X-100 and Tween-80. DHODH is also able to use molecular oxygen as the terminal electron acceptor for the reaction, thus the oxidase activity served as a control to monitor the catalytic behavior of the enzyme with a substrate that is not specifically present at the surface-solution interface. Oxidase activity shows only a minor general dependence on detergent concentration, with activity increasing by approximately 15% when Triton X-100 or Tween-80 are included in the reaction, however, the concentration of detergent required to fully stimulate the oxidase activity is below the CMC of either detergent (Figure 6a ). The activity of PfDHODH toward CoQ 1 displays similar trends with a gradual 2-fold increase in rate observed as the concentration of either detergent is increased (Figure 6b) . Again, no significant dependence on the detergent CMC can be detected in the CoQ 1 activity. The finding that both oxidase activity and activity with CoQ 1 are modestly lower in the absence of detergent may result from the formation of less active protein aggregates, which were shown to form in the absence of detergent in analytical gel filtration experiments (Figure 3) , or may be due to some form of substrate-specific activation by monomeric detergent molecules. In contrast to the results for oxidase and CoQ 1 activity, PfDHODH CoQ 2 activity displays both activation at low detergent concentrations and a subsequent decrease in activity at higher detergent concentrations (Figure 6c ). The activation phase peaks at the CMC of each detergent (Triton X-100 CMC ≈ 250 µM, Tween-80 CMC ≈ 12 µM, by our determination) and activity decreases thereafter. PfDHODH detergent-dependent CoQ D activity is even more pronounced than CoQ 2 activity, displaying a very sharp distinction between the activation phase below the CMC of each detergent and the decrease in activity above each detergent CMC (Figure 6d) . Figure 7 . The surface concentration dependence of PfDHODH activity toward CoQ 2 and CoQ D was also examined at several fixed molar CoQ concentrations under conditions where the detergent concentration is above the CMC, and no more than 3% of CoQ substrate is present in the aqueous phase. PfDHODH activity under these conditions is dependent on the mole fraction of CoQ and not on the bulk substrate concentration (Figure 8) .
Surface dilution kinetic analysis of N-terminal truncated PfDHODH-A more thorough analysis of the kinetics of
Analysis of the detergent-dependent kinetic data for PfDHODH on CoQ 2 and CoQ D according to the surface dilution kinetic model described in Equations 4-6 provides a very good fit to the data. The bulk step of the surface dilution kinetic model can be expressed in terms of "surface binding", which describes an initial (non-productive) enzyme association with the general micelle surface, or in terms of "substrate binding", where enzyme associates (again, non-productively) directly with the substrate presented on the micelle surface. PfDHODH CoQ 2 and CoQ D activity data were fitted by global analysis to both models, and the resulting parameters are displayed in A compares the concentration of mixed detergent plus CoQ required to achieve one-half V max in the "surface binding" model and to the concentration of CoQ alone required to achieve one-half V max in the "substrate binding" model. Thus the difference in magnitude of the K s A term in the two models is simply a reflection of how the term is defined. The data for CoQ 1 in mixed Tween-80 micelles did not fit either surface dilution kinetic model.
DISCUSSION
Eukaryotic Family 2 DHODH enzymes associate with the inner mitochondrial membrane where they utilize ubiquinone, a lipophilic molecule possessing a multi-prenyl unit tail, as the terminal electron acceptor in the reaction. Accordingly, both enzyme and substrate are constricted to the lipid bilayer, poised to carry out catalysis at the surface-solution interface. As with other Family 2 enzymes, PfDHODH contains both a putative transmembrane domain and an extended helical domain N-terminal to the catalytic domain. PfDHODH truncated after the predicted transmembrane domain was expressed to produce a soluble enzyme amenable to kinetic characterization. Analytical gel filtration of the truncated enzyme in either the absence of detergent or the presence of sub-CMC (monomer) detergent revealed protein oligomer formation (Figure 3) suggesting the presence of exposed hydrophobic residues which could promote association of the enzyme with lipid bilayers. In support of this hypothesis, physical association of PfDHODH with PC/PE mixed liposomes was demonstrated by size exclusion chromatography ( Figure 4) . Thus, truncated PfDHODH contains a membrane interaction site that allows the enzyme to associate with liposomes in the absence of the predicted hydrophobic transmembrane domain. This property is reminiscent of the E. coli DHODH enzyme, which lacks a transmembrane domain and associates with membranes via interactions with the extended N-terminal α-helical domain (10) .
The catalytic domain of DHODH is composed of a β/α barrel and an extended N-terminal domain composed of two additional α-helices between which the inhibitor A77 1726 binds (24) . Though no DHODH structures to date include cocrystallized ubiquinone, the inhibitor is purported to utilize an overlapping binding site with ubiquinone (21) . The α-helical residues that surround this site and face the inner mitochondrial membrane in vivo are exclusively hydrophobic and aromatic residues (Figure 2 ). Charged and polar residues are generally oriented toward the β/α barrel domain and engage in ionic interactions or hydrogen bonding with other side-chain or backbone atoms. Indeed, the PfDHODH structure contains two C 8 E 5 detergent molecules; one detergent molecule packs against hydrophobic residues F171 and F174 and the other engages in hydrogen bonding with K173. These structural insights combined with our data suggest that the PfDHODH ubiquinone-binding site is likely to be partially buried in the lipid bilayer.
In order to assess the functional consequences of the lipid association of PfDHODH we investigated whether or not the synthetic ubiquinone substrates used for kinetic analysis also associate with detergent micelles. The partitioning of three ubiquinone analogues into detergent micelles was studied by isothermal titration calorimetry. We discovered that analogs with an extended hydrophobic tail (CoQ 2 and CoQ D ) have limited aqueous solubility and are largely associated with the micelle, while CoQ 1 , in contrast, remains primarily in solution ( Figure 5 and Table 1 ). Kinetic studies revealed a biphasic kinetic dependence on detergent concentration for CoQ 2 and CoQ D , but not for CoQ 1 (Figure 6 ), indicating that PfDHODH can be activated by detergent in a substrate-specific manner. Furthermore, the enzyme activity on substrates that partition increases as a function of the mole fraction of CoQ as opposed to the bulk substrate concentration (Figure 8) . Finally, the kinetic data obtained for a series of constant mole fraction conditions fit well to a surface dilution kinetic model that was developed to study the activity of cobra venom phospholipase A 2 towards phospholipid substrate in mixed micelles (26,29) (Figure 7) . This model describes catalysis at the surface-solution interface, and accounts for both the three-dimensional bulk interactions and twodimensional surface interactions that occur between enzyme and substrate bound to micelle.
The kinetic behavior of PfDHODH on the longer-chain ubiquinone analogues is consistent with catalysis at the micelle surface. However, unlike the substrates for phospholipase, ubiquinone analogues have measurable solubility in aqueous solution. Thus, other mechanisms for the detergent-dependent catalysis are possible. Because of the partitioning behavior, the free substrate concentration is inversely proportional to the concentration of detergent, and therefore detergent dependence experiments cannot conclusively distinguish between enzyme utilization of free, micelle-bound, or both pools of substrate and do not alone demonstrate surface dilution kinetic behavior (28) . Nonetheless, to the extent possible the subsequent experimental conditions were designed to minimize the amount of free substrate, thus if the enzyme is catalyzing the reaction using only soluble substrate it is saturated at sub-micromolar concentrations of CoQ 2 and CoQ D , but not by CoQ 1 . Additionally, by utilizing a series of ubiquinone substrates that have differing aqueous solubility we are able to demonstrate that the kinetic behavior of the enzyme on substrates that partition into the micelles is different from that observed for the soluble substrate CoQ 1 . The simplest explanation for this differential behavior is that the enzyme is able to catalyze the reaction both in solution for soluble substrates (CoQ 1 ) and at the lipid-solution interface for the longer-chain CoQ substrates (CoQ 2 and CoQ D ).
This study is, to our knowledge, the first thermodynamic examination of ubiquinone analogues partitioning into detergent micelles, and our data suggest that substrate solubility should be an important consideration when analyzing enzymes that utilize ubiquinone in the reaction. The surface dilution kinetic model has been useful in describing the regulation (both inhibition and activation) of other enzymes (e.g. yeast phosphatidate phosphatase) by both soluble and hydrophobic molecules by defining substrate concentration in terms of surface concentration (43-45). For the longer-chain CoQ substrates the effective substrate concentration is a complex function of the detergent concentration, the substrate concentration and the extent to which the enzyme is able to catalyze the reaction at the lipid interface. These factors need to be taken into account when utilizing substrates which partition into detergent micelles, and substrate concentration should be defined accordingly. The studies presented here suggest soluble substrates may be best utilized in an effort to minimize the detergent-dependence of catalysis and thus simplify the analysis of regulatory molecules such as enzyme inhibitors. Malaria DHODH is the focus of significant effort to identify new chemotherapeutic approaches against the parasite (17, 24, 25, (46) (47) (48) , including the recent identification of potent and selective inhibitors that bind the putative CoQ site by high-throughput screening (25) . Our data demonstrate that understanding the partitioning of both substrates and inhibitors into detergent micelles may be an important consideration if accurate measurements of inhibitor potency are to be obtained. 14.4 ± 0. 
